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Abstract
An extension of the Debye-Hückel model was used to re-evaluate the MDEA protonation constant as a function of temperature 
and ionic strength. The Debye-Hückel limiting slope was estimated and the suggested parameters are successfully representing 
the data. The ionic strength was calculated by the speciation generated in the system and not only from the salt background 
concentration.  Correlations for the protonation constant of MDEA were proposed for infinite dilution and high ionic strength and
the standard thermodynamic properties for protonated MDEA were calculated. 
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1. Introduction 
The protonation constant (pKa), an equilibrium reaction property, is very important in the design of new solvent 
systems and for accurate kinetic and thermodynamic modelling of absorbers and desorbers.  Better candidate 
solvents for post combustion CO2 Capture require a high pKa value. Higher pKa value for primary and secondary 
amine represents faster kinetics for binding CO2. A shorter absorption column could be expected for solvents with 
faster kinetics. For tertiary amines a high pKa indicates stronger bicarbonate formation. Potential reduction of the 
energy requirement could be achieved with a solvent with stronger bicarbonate formation. 
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Different measurements have been proposed for pKa determination, e.g. potentiometric titration (PT)[1-3] and 
Electro Motive Force (EMF) [4] measurements. Both techniques measure activities of species in solution. The 
experiments can be performed with or without salt background to consider an ionic strength effect. A PT 
measurement gives a direct protonation constant without the use of any activity coefficient model, but valid only at 
very low ionic strength, while the EMF method requires an activity coefficient model to calculate the pKa value via 
a mass balance. Agreement between these two methods can be achieved when data are treated carefully and the 
ionic strength taken into account. Reported pKa values for different temperatures and ionic strengths are limited for 
new candidate solvents. In this work, reported data measured with potentiometric titration [2] are re-evaluated and  
the pKa values were derived from the pH profile together with mass and electro neutrality balances [3]. A 
correlation for the MDEA protonation constant (pKa) for different temperatures and ionic strengths is proposed 
together with thermodynamic properties. 
2. Experimental Part 
The experiments were carried out in a Mettler Toledo G20 titrator [2], with a jacketed glass reactor. The heating 
bath was connected to a 120 ml jacketed glass reactor fill with approximately 40 gram of solution. NaCl(s) was used 
as salt background to stipulate the ionic strength of solutions (up to 6 mole/kg water) and the amine concentration 
was kept constant at 0.01 mole amine/kg water. A dynamic equilibrium method was developed to allow an 
incremental dosing of titrant with minimum 0.005 ml/min and maximum 0.3 ml/min respectively to prevent a 
disturbance in temperature. The temperature was controlled by the heating bath with an accuracy ±0.05 ºC and 
experiments up to 90 ºC were performed. HCl 0.1N was used as a titrant and approximately 5 gram of titrant was 
required in each run. 
The amine protonation reaction can be written as: 
ܣ݉ ൅ܪା ֐ ܣ݉ܪା  (1) 
The protonation constant is defined as: 
ܭܽ ൌ
௔ಲ೘ಹశ
௔ಲ೘ή௔ಹశ
  (2) 
It also can be rewritten as: 
݌ܭܽ ൌ ݌ܪ െ ݈݋݃
ఊಲ೘ಹశή௠ಲ೘ಹశ
ఊಲ೘ή௠ಲ೘
   (3) 
The activity coefficients of species can be obtained from different thermodynamic models and in this case a 
simple Debye-Hückel [5] model was used: 
݈݊ߛ௜ ൌ െ
஺ವή௭೔
మήξூ
ଵା஻ವή௞೔ήξூ
  (4) 
Here ܣ஽ܽ݊݀ܤ஽ are temperature dependent Debye-Hückel parameters and were taken from Manov et al [6].  The 
specific ionic and molecular radius parameter ݇௜ for the existing species were taken from the works of Kielland [7]. 
For a potentiometric titration (PT) measurement, the pKa value is usually determined graphically by considering 
the pH value at the half volume of titrant to correspond to an equivalence point [2]. The ionic strength dependency 
was then assumed to be the same as in the original prepared solutions since the contribution from the titrant can be 
assumed negligible. This method cannot be assumed valid when strong acid concentration and large amounts of 
sample are used. 
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To calculate the pKa value (equation 3), a mass balance and electro neutrality are needed, together with the 
dissociation constant of water according to reaction (5-6), along the pH course or, if activity of free amine equals the 
activity of protonated amine (equation 3) then the pH of solution represents the pKa value. 
݊஺௠ל ൌ ݊஺௠ ൅ ݊஺௠ுశ  (5) 
݊஺௠ுశ ൅ ݊ுశ ൅ ݊ே௔శ ൌ ݊ைுష ൅ ݊஼௟ష  (6) 
ܭௐ ൌ ܽுశ ή ܽைுష  (7) 
3. Results and discussion 
A typical pH profile generated during an experiment is shown in figure 1. It shows that the pH (solid lines) 
decreases gradually with acid addition and then drops rapidly when the equivalent point is reached. A dynamic 
method was established i.e. if the pH change is small, a 0.1 ml of titrant was added while if the pH change is very 
sensitive, only 0.001 ml of titrant was dozed. The calculated pKa (dashed lines) intersects the pH line at half of the 
titrant volume and indicates the corresponding pKa value at a certain condition. Increasing ionic strength leads to a 
higher pH at the starting point and also a higher pKa value due to a salting out effect.  Hence it is very important to 
account for the ionic strength. 
Figure 1. Measured pH profile (solid lines) and calculated pKa (dashed lines) at 25ºC (Black, Ia0.03; Blue, Ia5.6 mol/kg water). 
Equation 3 shows that if the activity of free amine ሺܽ஺௠ሻ is equal to that of protonated amine ሺܽ஺௠ுశሻ, then the 
pKa value is equal to the corresponding pH value as seen in figure 2. The activity of amine ሺܽ஺௠ሻ decreases with 
decreasing pH and opposite for the activity of protonated amineሺܽ஺௠ுశሻ. By definition, according to equation 4, the 
activity coefficient of amine ሺܽ஺௠ሻ is unity and independent of ionic strength which might not be true in reality. The 
activity coefficient of protonated amine, ሺܽ஺௠ுశሻ, is nearly unity at very low ionic strength and decreases with the 
ionic strength. The shifted pKa value is then predominantly determined from the concentration ratio of both species.  
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Figure 2.  Activity of species (Free amine/ red lines and Protonated amine/ blue lines) at different ionic strengths and at 25ºC (Solid lines, Ia0.03;
Dashed lines, Ia5 mol/kg water) 
Kim, et al. [2] reported that the ionic strengths were determined from the salt background concentration. As 
previously mentioned, this may not be a good approach since they used a40 gr of sample and 4-5 ml of 0.1 N HCl. 
If the density of titrant can be assumed to be unity then added water can result in a10 % dilution, reducing the 
molality of solution at higher ionic strengths by  >0.5 moles/ kg water. Without background salt in the sample, the 
added titrant will determine the ionic strength of the solution.   
   
Figure 3.  Protonation constant (pKa) of MDEA as a function of ionic strength and temperature (data, [2] ({, 20ºC; , 25ºC; +, 40ºC; U, 60ºC; 
U, 80ºC; Â,90ºC);z, 19ºC [3]; Solid lines, best fitted; Dashed lines, best fitted at infinite dilution; Dashed-dot lines, Debye-Hückel [5] limiting
slopes)
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The reported data [2] were re-calculated with the method given above and the calculated pKa values for different 
ionic strengths and temperatures are shown in figure 3. The calculated ionic strengths are different from those 
represented by the salt background alone. The pKa values tend to show a linear trend up to I<0.5 mol/kg water, but 
increase rapidly at higher ionic constant (I>0.5 mol/ kg water). Increasing temperature decreases the pKa value and 
indicates that the amine tends to protonate more easily at higher temperature. All experiments were done at least 
twice and found to be very reproducible. The results from this work at 20ºC agree well with the reported data by 
Oscarson et al [3], even though they reported the ionic strength in the same way as reported by Kim, et al [2].  
The pKa value at the lowest ionic strength (I a 0.02 mol/ kg water) does not exactly represent the value at infinite 
dilution and an extrapolation to zero ionic strength is required to determine the Debye-Hückel limiting slopes. It is 
seen in figure 3 that a higher degree polynomial might be required to represent the data better as under-prediction is 
seen at higher ionic strength. Second degree polynomials were reported used earlier[2, 3] to represent data but it 
may seem that 3rd order is needed to get a good overall representation.  
݈݊ሺܭ௔ሻ ൌ ݈݊ሺܭ௔לሻ െ
௔ήξூ
ଵାξூ
൅ ܾܫ ൅ ܿܫଶ  (8) 
݈݊ሺܭ௔לሻ ൌ ݇ଵ ൅
௞మ
்
൅ ݇ଷ ή ݈݊ሺܶሻ  (9) 
In this work, two approaches were used to evaluate the pKa data according to equation 8 and 9 and the suggested 
parameter values are tabulated in Table 1. In the first approach the best fit to all data was determined (solid lines). It 
is seen that this gives a good representation (AARD =0.5%) of the data up to 80ºC and up to I a 0.5 moles/ kg water. 
However, for the infinite dilution data, the model only agrees with the literature up to 60ºC, and under-predicts at 
lower temperatures and over-predicts at higher temperatures (see figure 4).  
In the second approach the infinite dilution data were first fitted and used as a basis for the full fit by adding a 
correction term to account for variations in pKa value at higher ionic strengths.  Similar results as with the first 
approach (AARD =0.7%) were obtained, i.e. an under-prediction at lower temperatures and an over-prediction at 
higher temperatures.  
Table 1. Suggested parameters in equations 8 and 9 
Method 
Parameters ܣܣܴܦሺΨሻכ
ଵ ͳͲଷ ή ଶ ଷ  ܾ ܿ
1 -177.75r33 3.382r1.6 25.74r5 -0.779r0.1 -0.115r0.01 0 0.5 
2 -58.10r17 -1.863r0.8 7.84r2.5 -0.455r0.2 -0.143r0.06 0 0.7 
כܣܣܴܦ ൌ
ͳͲͲ
ܰ
ή ቤ
൫ܭ௔
ா௫௣Ǥ൯ െ ሺܭ௔஼௔௟௖Ǥሻ
൫ܭ௔
ா௫௣Ǥ൯
ቤ
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Figure 4.  Protonation constant (pKa) at infinite dilution and at different temperatures (+, 20-90ºC [2]; U, 20-90ºC [3]; Â, 25-80ºC [4]; {, 20-
90ºC [8]; , 25-60ºC [10]; Solid lines, approach 1; Dashed lines, approach 2)  
Standard thermodynamic properties can be derived from equation 4 and the results are tabulated in Table 2 
together with reported values from the literature. The result shows that both approaches used agree well with 
literature and indicates that the developed method was reliable. However the second approach, which only used the 
data at low ionic strength and infinite dilution, gives a much better representation of the pKa at infinite dilution for 
higher temperatures. 
Table 2. Standard thermodynamic properties for protonated MDEA 
Standard properties 
This work Literature(s) 
Approach
1
Approach
2 [1] [4] [8] [9] 
ȟ௥௠ ሺȀሻ 35.69 34.92 33.7 34.90 34.00 35.74 
ȟ௥
௠ (kJ/mol) 48.97 48.83 - 48.87 48.81 48.59 
4. Conclusion 
An extension of the Debye-Hückel model was used to re-evaluate the MDEA protonation constant as a function 
of temperature and ionic strength. The Debye-Hückel limiting slope was estimated and the suggested parameters are 
successfully representing the data. The ionic strength was calculated by the speciation generated in the system and 
not only from the salt background concentration.  Correlations for the protonation constant of MDEA were proposed 
for infinite dilution and high ionic strength and the standard thermodynamic properties for protonated MDEA were 
calculated.
The reported data are well reproduced but the discrepancies are more pronounced at higher temperatures and 
ionic strengths. Two fitting approaches were suggested and both works well with an AARD within 0.7%. The 
second approach is better in predicting the pKa value at infinite dilution. Improvements could be made by using a 
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rigorous model based on the excess Gibbs energy such an e-NRTL or an e-UNIQUAC model. The standard 
thermodynamic properties were estimated from the correlation and agree well with reported values from literature. 
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